A type of azobenzene-containing block copolymer polymethyl methacrylate-b-poly (n-butylmethacrylate-co-6-(4-(phenylazo) benzoate) hexyl methacrylate) (PMMA-b-(PnBMA-co-PAzoMA)) was synthesized by the atom transfer radical polymerization (ATRP). Macroinitiator polymethyl methacrylate (PMMA) was prepared by ATRP and used to initiate the copolymerization of monomer n-butyl methacrylate (nBMA) and azobenzene-based methacrylate monomer (AzoMA). Herein, three block copolymers with different molecular weights and block volume fractions were obtained and spin-coated on a silicon substrate or quartz plate before annealing at 180 °C for 14 h. The surface morphologies in these annealed copolymer films were observed by atomic force microscopy (AFM). Bicontinuous stripe or island patterns with different sizes were formed dependent on the film thickness. These ordered patterns are considered to be formed arising from the dewetting process of the surface layer in the copolymer film. Photoisomerization of azobenzene units in the copolymer films changed the dewetting behaviors of the surface layer of the thin film. Therefore, some copolymer annealed films showed a reversible morphology conversion between bicontinuous stripe and island structure when exposed to UV light and upon being stored in the dark. It was found that the composition of the block copolymer had obvious influences on the photoinduced morphology conversion behaviors in these copolymer thin films. When the volumes of PnBMA and PAzoMA phases in the block copolymer were large enough, the surface morphology could be modulated by UV light irradiation and storage in the dark. This work proposes a new possibility for photoinduced control and design of the dewetting processes of thin films using a linear block copolymer.
Introduction
The fabrication of a well-defined pattern on film surfaces attracts considerable attention because of the numerous potential applications in electronic devices, sensors, information storage materials, and other functional surface materials (Reiter et al., 1996; Sehgal et al., 2002; Tokarczyk et al., 2011) . Conventional means of constructing order pattern in the film is photolithography; however, photolithography requires a specific instrument and precise operation. Recently, self-organizational processes, as alternative means to producing surfaces with highly controlled and ordered structures, are attractive due to their convenience and broad tunability. Meanwhile, microphase separation and dewetting are two important self-organizational processes and are usually used to fabricate some well-defined structures on the microscale in the polymer films (Limary and Green, 1999; Thompson, 2012) . Some typical highly ordered periodic geometries, such as spherical, lamellar, cylindrical, or bicontinuous nanostructures, have been formed based on microphase separation in the block copolymers (Ruzette et al., 2006; Kim and Han, 2010; Wang et al., 2012) . Conversely, polymer dewetting is associated with interfacial tensions in solid/liquid, liquid/air, and solid/air phases (Limary and Green, 1999; Green and Limary, 2001 ). Usually, bicontinuous or island morphology can be formed based on the dewetting process.
Modulating these well-defined structures controllably is very important for some applications such as information storage materials, biomaterials, and anti-forgery materials (Lu et al., 2011) . Generally, the tuning of morphology can be achieved by virtue of external stimuli, such as a solvent or temperature annealing, casting, light, and so on (Segalman and Green, 1999; Zhao and He, 2009; Sriprom et al., 2010; Zhang et al., 2010; Ma et al., 2011; Okano et al., 2011) . Light provides a flexible means to handle materials in a non-contact manner. To manipulate the surface morphology of a polymer film by light, photoresponsive chromophores usually are incorporated into polymers (Zhao and He, 2009) . Azobenzene is a well-known photoresponsive molecule. In azobenzene-containing block copolymers, the reversible photoisomerization of azobenzene can serve as a means of modulating the surface morphology in polymer thin films (Zhao and He, 2009 ). Considerable work has been reported on the photoalignment and photopatterning of block copolymer films containing azobenzene moiety (Kadota et al., 2006) . Seki et al. (1999) and Morikawa et al. (2007) studied controlling phase separated morphology by light in the block copolymers. They synthesized the block copolymer of azobenzene-containing acrylate monomer and vinyl alcohol or styrene. These two kinds of copolymer films showed reversible morphology changes with the assistance of other mixed components, high humidity, or temperature. They also used the polydimethylsiloxane or poly(ethylene oxide) as a macroinitiator to initiate the polymerization of azobenzene-containing methacrylate monomer. The resultant block copolymers exhibited morphological conversions between rod-liked structures and dotted structures upon UV or visible irradiation under high humidity (Kadota et al., 2005; Seki, 2006; Aoki et al., 2010) . Okano et al. (2011) synthesized a group of liquid crystalline polymers containing azobenzene moieties as a side group. The microphase separated fiber-like structures in the annealed polymer films can be erased by linear polarized light or UV light irradiation. Han et al. (2010) prepared azobenzenecontaining poly(3-hexylthiophene) based copolymer and macroscopic domain orientation controlled by linear polarized light. A block copolymer bearing double liquid crystalline mesogens as a side chain was also prepared by Zhao et al. (2010) , where the smooth surface showed a photoinduced microphase separated pattern.
In most of these studies, microphase separated morphology modulation were proceeded by the virtue of polarized-light induced alignment of azobenzene units. Sometimes these morphology modulations were achieved with the assistance of other components, temperature, or humidity. Less attention has been paid to modulating patterns by controlling dewetting processes in the polymer film (Yan et al., 2011) . To date, only Li et al. (2012) have reported on the photoinduced surface pattern modulation in an azobenzene-containing poly(propyleneimine) dendrimer film. There is few work reporting on the morphologies modulation in linear block copolymer films through controlling dewetting behaviors by light (Limary and Green, 1999; Yan et al., 2011) . Herein, we synthesized a novel azobenzenecontaining photoresponsive block copolymers by atom transfer radical polymerization (ATRP). The annealed thin film of these copolymers exhibited some morphologies induced by the dewetting process, and the surface pattern in the copolymer films could transform reversibly between bicontinuous and island structure by UV irradiation and upon storage in the dark. This work proposes a new method of photoinduced controlling and designing the dewetting processes of thin films using linear block copolymer.
Experimental

Materials and methods
Methyl methacrylate (MMA) and n-butyl methacrylate (nBMA) were obtained from the Sinopharm Chemical Reagent Co., Ltd., and were distilled under vacuum before polymerization to remove the radical inhibitor. Ethyl 2-bromoisobutyrate (EBiB) (98%), cuprous bromide (CuBr), cuprous chloride (CuCl), and pentamethyl-diethylene triamine (PMDETA, 98%) were purchased from the J&K Chemical Ltd. (Shanghai). CuBr and CuCl are purified according to Xue et al. (2002) , 4-nitroaniline (98%) was bought from the Alfa Aesar (Tianji). Monomer 6-(4-(phenylazo) benzoate) hexyl methacrylate) (AzoMA) was synthesized according to Yu X. et al. (2006) , Yu H. et al. (2008) , and Li et al. (2009) . All solvents and other regents were purchased from the Sinopharm Chemical Reagent Co., Ltd., and were used as received.
1 H NMR (nuclear magnetic resonance) spectra were measured on an Bruker ADVANCE DMX spectrometer (Germany) operating at 400 MHz. Spectra were run in deuterated chloroform or dimethyl sulfoxide using tetramethylsilane as a reference. Gel permeation chromatograghy (GPC) was performed on the Agilent Technologies PL-GPC-220 (USA) equipped with three mixed Agilent PL gel MIXED-B column (10 μm particle size). Tetrahydrofuran (THF) was used as eluent at a flow of 1.0 ml/min at 30 °C. The thermostability of the polymer films were performed using the PerkinElmer Pyris 1 thermogravimetric analysis (TGA, Shanghai). UV/Vis spectroscopy was recorded using the UNICO UV-3802 UV/Vis spectrophotometer (Shanghai). The film thickness was determined by spectroscopic ellipsometry (ESM-300, J. A. Woollam Co., Inc.). The UV light (365 nm, 5 mW/cm 2 ) was emitted by FC-100 UV lamp produced by the USA SP Industries, Inc.
Synthesis of macroinitiator (PMMA-Br) for ATRP
Anisole and MMA were bubbled with argon for 30 min to remove oxygen before polymerization. CuCl (90 mg, 0.90 mmol) and copper chloride (CuCl 2 ) (18.4 mg, 0.14 mmol) were added into a dried Schlenk flask. The flask was sealed, degassed, and filled with nitrogen three times. PMDETA (0.22 ml, 1.05 mmol), EBiB (0.13 ml, 1.04 mmol), MMA (14 ml, 0.13 mol), and 14 ml anisole were added into that dried Schlenk flask via syringes that had been purged with nitrogen. The flask was degassed and charged with dried nitrogen by three freeze-pumpthaw cycles. After being stirred for 5 min at room temperature, the solution in the Schlenk flask was heated to 60 °C for a suitable time. When the reaction finished, the mixing solution was quenched by cooling in liquid nitrogen and opened to the air before diluting with THF. The products were isolated by passage through a column of neutral alumina following precipitation in cold methanol. Lastly, the polymer was dried at 45 °C in a vacuum oven for 24 h (You et al., 2010) .
Synthesis of copolymer PMMA-b-(PnBMAco-PAzoMA)
The macroinitiator PMMA-Br (0.25 g, 0.019 mmol), methacrylate monomer containing azobenzene (47 mg, 0.13 mmol), and CuBr (3.0 mg, 0.021 mmol) were added into a dried Schlenk flask. The flask was sealed, degassed, and filled with nitrogen three times. Then PMDETA (5 μl, 0.024 mmol), nBMA (0.7 ml, 4.4 mmol), and 0.8 ml anisole were added into that dried Schlenk flask via syringes that had been purged with nitrogen. The resultant solution was degassed and charged with nitrogen by three freeze-pump-thaw cycles. After stirred for 5 min at room temperature, that solution was stirred at 70 °C for 10 h. When the reaction finished, the mixing solution was cooled down in the liquid nitrogen and open to the air before diluting with THF. The crude products in the flask were isolated by passage through a column of neutral alumina following precipitation in cold methanol. Finally, the polymer was dried at 45 °C in vacuum oven for 24 h (Shipp et al., 1998; Roos and Muller, 1999; Davis and Matyjaszewski, 2000) .
Preparation of copolymer thin film
The silicon wafers were treated with ultrasonication in ethanol and acetone for a few minutes each before being dried in the oven. The block copolymers were dissolved in toluene and produced 4-7 mg/ml solutions. The solutions of the copolymer were spin-coated on cleaned silicon wafers and then the substrates coated with block polymers were dried at room temperature overnight to remove residual solvent. The polymer film was annealed in an oven at 180 °C for 14 h prior to observation by the atomic force microscope (AFM) (Sriprom et al., 2009) .
Observation of the microphase separation structure by AFM
The surface morphologies of the block copolymer films were characterized with multi-mode scanning probe microscope under tapping mode at ambient atmospheric conditions. The used probes were bought from the Veeco Instruments, Inc.
Results and discussion
The diblock copolymers PMMA-b-(PnBMA-coPAzoMA) containing azobenzene were synthesized via ATRP. Macroinitiator PMMA were prepared by ATRP and used to initiate copolymerization of monomer nBMA and AzoMA, as shown in Scheme 1. The molecular weight and polydispersity of macroinitiator PMMA and copolymer PMMA-b-(PnBMA-co-PAzoMA) were characterized by GPC and the results are shown in Fig. 1 . Two types of PMMA macroinitiators were prepared with different molecular weights. Compared with the peak of each PMMA block, the shift of the peak of the block copolymers to higher molecular weights indicates successful block copolymerization, as shown in Fig. 1 .
In addition, the characteristic shoulders on the peak of copolymers MBAzo-2 and MBAzo-3 indicated the presence of PMMA "dead" chains in the block copolymers. The structures of these three block copolymers were characterized by 1 H NMR spectra, and the related results are shown respectively in the supporting materials. In the 1 H NMR spectrum of the copolymer MBAzo-1, the characteristic peaks at 6.9-9.0 ppm were attributed to the hydrogen atoms in the phenyl rings in azobenzene units, which indicated the successful introduction of azobenzene into the copolymers. In addition, the characteristic peaks at 3.5 and 3.9 were from PMMA (-OCH 3 ) and PnBMA (-OCH 2 ). The results from 1 H NMR and GPC indicated that the desired copolymers were successfully synthesized.
The results of GPC and 1 H NMR, the numberaverage molecular weight (M n ), polydispersity index (PDI), and block compositions of the synthesized copolymers PMMA-b-(PnBMA-co-PAzoMA) are presented in Table 1 .
The thermal annealing process above the glass transition temperature of two blocks allows for the mobility of the polymer chains. Prior to the annealing, the thermostabilities of these copolymers were investigated by TGA and the results are shown in Fig. 2 . It was found that these block copolymers started to decompose above 230 °C, which confirmed that the block copolymer films maintained its integrity during annealing at 180 °C. Fig. 3 shows the AFM topography phase images of the annealed MBAzo-3 thin film with a thickness of 48.8 nm. The morphology was characterized by a mixture of randomly distributed stripes and dot shaped structures. The diameter of the dot shaped structures and the width of those stripe like structures were about 700-800 nm. The corresponding 3D morphology image of the annealed film is shown in Fig. 3b . Judging by the shapes and sizes of these surface structures, it can be inferred that these structures arose from the dewetting process of the surface copolymer layer. When the film thickness is thinner than the characteristic thickness, the film becomes unstable; holes/islands pattern are formed spontaneously and randomly distributed on the surface of the unstable film. Sometimes, bicontinuous spinodal-like patterns are also formed (Segalman and Green, 1999; Green and Limary, 2001 ).
The annealed MBAzo-3 copolymer films with different thicknesses were prepared and observed by AFM (Fig. 4) . Different morphologies appeared on the surface of the thin film, which were dependent on the film thickness. When film thickness decreased from 48.8 nm to 28.0 nm, bicontinuous topography transferred to the island pattern before these clear morphologies disappeared completely. Fig. 5 shows the cross-section of the MBAzo-3 films with thicknesses of 48.8 nm, 45.1 nm, and 36.2 nm, respectively. The height differences from the top to the bottom of the surface structures such as rod shaped or dotted structures were 28.8 nm, 35.1 nm, and 34.3 nm, respectively. The film thinness is larger than the height difference of these surface structures. It was inferred that there was an underlying layer under the surface layer with particular pattern. The film on the substrate displayed lamellar structures. If the film with thickness h 0 is stable and the surface is smooth, the surface layer becomes unstable in the film with thickness h>h 0 . The surface layer of thickness h−h 0 will dewet on the underlying layer of h 0 and the surface pattern will evolve into a pattern consisting of holes or bicontinuous spinodal like structures (Green and Limary, 2001 ). Thus, it was found that these surface patterns were formed by the dewetting processes of the surface copolymer layer occurring on the underlying layer.
The light induced photoisomerization of azobenzene in the polymer can be used to modulate the surface morphology of the polymer film. Thus, the photoresponsive behaviors of the annealed film of these block copolymer films at ambient atmosphere were studied. Fig. 6 shows the UV/Vis absorption spectra of block copolymer MBAzo-3 annealed thin film before and after 365 nm UV light irradiation for 90 s. After irradiated with 365 nm UV light, the trans-isomer of azobenzene units in the copolymer film transferred to the cis-isomer, and the characteristic absorption peak at 347 nm ascribed to the π-π* transition of trans-isomer azobenzene decreased after UV light irradiation. Additionally, another weak absorption peak at 450 nm ascribed to n-π* transition of cis-isomer azobenzene increased slightly (Jin et al., 2010). Therefore, the photoisomerization of azobenzene units in the copolymer films proceeded normally by UV or visible light irradiation (or storage in the dark).
The surface pattern before and after UV light irradiation were also observed by AFM. Fig. 7 shows the AFM topographical images of block copolymer MBAzo-3 film with a 28.3% PMMA segment before and after UV irradiation. The surface pattern in the copolymer film wherein azobenzene units were in the trans state before exposure to the UV light shows a bicontinuous topography, as shown in Fig. 7a . After UV irradiation (365 nm, 0.9 J/cm 2 ), the initial bicontinuous morphology was converted to a mixed pattern consisting of dotted and short rod shaped structures accompanied with photoisomerization of azobenzene units from a trans to cis state, as shown in Fig. 7b . The corresponding 3D topographical images are shown in Figs. 7c and 7d . The feature sizes of the surface structures were clearly reduced. Subsequently, this MBAzo-3 film exposed to UV light in Fig. 7b was kept in the dark room at room temperature for a week. While being left in the dark, the azobenzene units in the film transferred from a cis to trans state induced by thermal effect. Moreover, the mixed morphology consisting of dotted and short rod shaped domains reverted to the initial bicontinuous structures. Thus, the morphological conversion was reversible under UV irradiation and storage in the dark room at ambient atmospheric conditions. The height differences along the black line marked in Fig. 7 were also analyzed. The height difference of these surface structures increased slightly from 34.1 nm to 37.7 nm, which indicated the mass migration induced by light irradiation. Fig. 8 shows the AFM height images of MBAzo-1 annealed thin films upon UV light irradiation. The volume fraction of PMMA block in the copolymer was 68.2%. Before exposure to the UV light, the surface of the annealed MBAzo-1 film displayed bicontinuous topography as shown in Fig. 8a . After 100 s of UV irradiation at 365 nm, there were no obvious changes in the surface patterns (Fig. 8b) . When exposed to the UV light for 220 s, the length of the rod shaped structures marked with yellow (in the web version) became shorter, as shown in Fig. 8c . Moreover, the relatively high domains marked with yellow dispersed in the film surface instead of remaining in the initial bicontinuous phase. The photoresponsive behaviors of the surface morphology of copolymer MBAzo-2 film were also investigated by AFM and the height images are shown in Fig. 9 . The volume fraction of PMMA block in the copolymer MBAzo-2 was 57.2%. Compared with MBAzo-1 with a higher volume of PMMA block, the surface pattern of MBAzo-2 annealed film exhibited photoresponsive conversion when exposed to the UV light and kept in the dark room. Upon UV light irradiation, the initial bicontinuous topography transferred to the mixed pattern consisting of short rod shaped and dotted structures. However, compared with MBAzo-3 which contained the smallest volume fraction of PMMA block (28.3%), there were more rod shaped structures, and the lengths of some rod shaped structures were larger in the MBAzo-2 film than the case of MBAzo-3.
Based on different photoresponsive behaviors in these three copolymer films, the UV light induced morphology conversion had a close relationship with the volume fraction of PMMA or PnBMA block in the copolymer. When the volume fraction of PnBMA blocks in the copolymer was limited within a reasonable range, the block copolymer film exhibited photoresponsive morphology conversion. The photoisomerization of azobenzene units in the copolymer films may have changed the interaction between the two blocks or interfacial tensions in air/polymer film/substrate. Furthermore, the film equilibrium thickness for stabilizing the film was changed in the isomerization of azobenzene units between trans and cis states. As such, the surface layer in the copolymer film would rupture and form different patterns (Green and Limary, 2001 ).
Conclusions
Three types of azobenzene-containing block copolymers with different block volume fractions were prepared by ATRP. These block copolymers were spin-coated on silicon substrates or a quartz plate before annealing at 180 °C for 14 h. After annealing, surface patterns in the copolymers films were observed by AFM. The morphologies of these annealed copolymer films displayed bicontinuous stripe or island patterns dependent on the film's thickness.
The height differences from the top to the bottom of the surface structures were almost the same in every kind of surface morphology. It was thought that these surface patterns arose from the dewetting process of surface polymer layer in the films. When the film is thinner than the characteristic film thickness, the film will become unstable. Moreover, bicontinuous spinodal-like or holes/islands pattern are formed spontaneously and randomly distributed on the surface of the unstable film.
Additionally, the reversible morphological conversion between bicontinuous and island structures was observed when irradiated with UV light and stored in the dark. Based on different photoresponsive behaviors shown by the films of these three block copolymer samples, it was found that the composition of block copolymer had important influences on the photoinduced morphology conversion behaviors in these thin films. When the volume fractions of PnBMA and PAzoMA phases in the block copolymer were limited within a reasonable range, the interactions between two blocks or interfacial tensions in air/polymer film/substrate were obviously changed by the photoisomerization of azobenzene units in the copolymer. This work supplied a method to modulate surface morphologies of linear block copolymer thin films based on controlling dewetting behaviors by light.
